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abstract1
We developed a method to classify volcanic ash samples by introducing statisti-2
cally determined grain types. Using more than 10,000 numbers of automatically3
measured grain data (parameters of grain shape and transparency) and the clus-4
ter analysis, we made grain types without human eyes. By components of the5
grain type in each samples, we classified samples from types of basaltic mono-6
genetic volcanoes: 1) Funabara scoria cone, Izu Peninsula, Japan (magmatic7
eruption origin); 2) Nippana tuff ring, Miyakejima, Japan (phreatomagmatic8
eruption origin); and 3) rootless cones in Myvatn, Iceland (rootless eruption ori-9
gin). We tested two cases; using grain shape parameters only, and both of grain10
shape parameters and transparency values. It is found that the sample clas-11
sification is more consistent with their eruption style in the case of using both12
parameters of grain shape and transparency. By sampling several layers of an out-13
crop, this procedure can be used to interpret changes in eruption/fragmentation14
style during a volcanic event. Furthermore, this procedure might be applicable15
to other aims such as sedimentology and planetary science.16
1 Introduction17
The grain morphology of volcanic pyroclasts provides important information that allows us18
to infer eruption styles and mechanisms from microscopic images of volcanic ash. Grain19
analysis can reveal the characteristics of magma vesiculation and subsequent fragmentation20
(e.g., [Heiken and Wohletz, 1985]). Several studies have attempted to parameterize grain21
shapes to explore possible relationships with their formation and fragmentation processes22
([Dellino and La Volpe, 1996]; [Dellino et al., 2001]; [Maria and Carey, 2002]; [Maria and Carey, 2007];23
[Liu et al., 2015]; [Rausch et al., 2015]; [Schmith et al., 2017]).24
Owing to recent developments of measurement instruments, we can easily parameterize25
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the visual characteristics (shape and luminance) of thousands of grains in a short time, and26
can perform quantitative analysis for large numbers of volcanic ash grains. Introducing an27
automated particle analyzer (APA), [Leibrandt and Le Pennec, 2015] tested several measure-28
ment procedures, before presenting an efficient measurement protocol for volcanic ash. In29
their system, the operating duration is 35 minutes for 5000 ash grains, and several shape30
parameters are measured for each ash grains.31
When analyzing this type of multivariate data, the parameter selection step is essential.32
With this in mind, [Liu et al., 2015] used a cluster analysis to determine four optimal pa-33
rameters (solidity, convexity, axial ratio, and form factor), which can effectively account for34
the morphological variance of grains. [Maria and Carey, 2002, Maria and Carey, 2007] ap-35
plied the fractal spectrum technique to volcanic ash grains, and used the fractal values (they36
called as variables) to perform 1) cluster analyses for ash grains in each sample (consists of37
20 ash grains), and 2) principal component analyses for 140 of ash grains. Thus, we can use a38
combination of grain shape parameters and statistical techniques to determine eruption styles39
and characteristics from the analysis of volcanic ash. Although this approach has been shown40
to be effective, it remains necessary to verify the applicability of this procedure to wider data41
sets. Specifically, verification should involve simple eruption episodes, such as monogenetic42
eruptions. Furthermore, in comparison among samples, characteristics of magma such as43
chemical composition and phenocryst content should be considered.44
When analyzing volcanic ash samples, there is a major problem; how to compare among45
samples. Field studies entail collecting many samples from several layers, outcrops, volcanic46
edifices, and volcanic systems. Sieving these samples to microscopic sizes involves several47
thousand ash grains. Many previous volcanic ash studies have focused on ash classification48
in one or limited numbers of samples. For sample classification, most previous studies have49
used one value for one parameter in one sample (e.g., [Dellino et al., 2001]); it far from50
traditional component proportion analysis under microscopic observation by human eyes,51
and made difficulty to its interpretation. In this background, we have to discriminate both52
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of volcanic ash grains and ash samples which comparable to microscopic observations.53
In this study, we adopt cluster analyses for automatically-measured large volcanic ash54
datasets. Firstly we made ”grain types” by quantitative grain parameters without human55
eyes, then classified samples using its proportion of each grain types. We construct a statis-56
tical analysis procedure for volcanic ash samples aimed 1) to compare samples from several57
layers, outcrops, volcanic edifices, and volcanic systems, and 2) to quantify the fragmentation58
degree and the effect of external water to volcanic explosions.59
2 Methodology60
2.1 Prepared samples61
We use ash samples from non-altered monogenetic volcanoes to simplify the analysis. We col-62
lected 18 ash samples from three locations in Japan and Iceland (Table 1, Fig.S1,S2), which63
were formed during three different types of monogenetic eruption: magmatic (vaporization64
of volatiles in magma), phreatomagmatic (magma-water interaction), and rootless eruptions65
(explosive lava-water interaction). Since the chemical compositions and phenocryst char-66
acteristics (composition, mode, and size) of host magma have resemblances (Table 2), we67
selected ash samples from these three locations, and assumed that their phenocryst and68
magmatic features were the same. Each sample is composed of many ash grains, and the69
grain characteristics such as shape and size differ for each sample. The grain size distribution70
for each sample is shown in Fig.S3.71
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Table 1: List of samples used in this study. DRC: double rootless cone, SRC: single rootless
cone.
Eruption type (sample location) Sample ID Number of grains Note
Magmatic FN15101201 131 Lower layer
(Funabara, Izu Peninsula) FN15101205 262 Upper than 01
Japan FN15101206 206 Upper than 05
FN15101207 87 Upper than 06
FN15101208 168 Upper than 07
Phreatomagmatic NP15113001 1851 Lower layer
(Nippana, Miyakejima) NP15113002 707 Upper than 01
Japan NP15113003 428 Upper than 02
NP15113004 1125 Upper than 03
NP15113005 708 Upper than 04
NP15113006 796 Upper than 05
NP16102407 863 Upper than 06
Rootless MY13091004 923 DRC outer, middle layer
(Myvatn, N Iceland) MY13091006 1065 DRC inner, lower layer
Iceland MY13091305 686 SRC, lower layer
MY13091306 670 SRC, middle layer
MY13091402 1479 SRC, upper layer, collected in Hagi
MY13092002 965 SRC, lower layer
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Table 2: Petrological information of samples used in this study.
Magmatic Phreatomagmatic Rootless
Funabara Nippana (Miyakejima
1983)
Myvatn (Younger Laxa
lava)
Bulk composition SiO2 51.23 52.91 49.3
TiO2 1.09 1.42 1.1
Al2O3 17.3 14.98 14.98
Fe2O3 3.47 14.33 0.9
FeO 6.71 N/A 9.27
MnO 0.17 0.24 0.19
MgO 6.85 4.13 6.96
CaO 9.92 9.11 12.63
Na2O 2.71 2.67 2.15
K2O 0.41 0.53 0.91
H2O+ 0.4 N/A 0.79
H2O– 0.02 N/A 0.00
P2O5 0.28 0.14 0.28
Total 100.56 100.46 99.46
Phenocrysts olivine, pyroxene
(augite and hypers-
thene), quartz
plagioclase, clinopyrox-
ene, magnetite
plagioclase, pyroxene,
olivine
Mode of phe-
nocrysts [%]
3.7% 5–8%: plagioclase,
<0.1–0.3%: clinopyrox-
ene, <0.2%: magnetite
less than 10%
Phenocrysts size olivine: 1 mm, hypers-
thene: <1 mm, quartz:
3 mm (occasionally),
magnetite: 0.2 mm
plagioclase: 0.6–0.8
mm (major axes), 0.2–
0.3 mm (minor axes),
clinopyroxene: 0.2–0.4
mm, magnetite: 0.2
mm
plagioclase: 0.2–0.6 cm
(1.5–2 cm for large)
References [Yusa and Kuroda, 1970];
[Hamuro, 1985]
[Fujii et al., 1984];
[Aramaki et al., 1986]
(Sample ID: MYK-11)
[Thorarinsson, 1953];
[Ho¨skuldsson et al., 2010]
2.1.1 Funabara scoria cone72
Funabara scoria cone in Izu Peninsula (Fig.S1A) belongs to the Higashi-Izu monogenetic73
volcano group (HIMVG; [Koyama and Umino, 1991]). The monogenetic volcanic activity74
in HIMVG began in 0.26±0.02 Ma ([Hasebe et al., 2001]). Today, there are over 60 mono-75
genetic volcanoes in this area. This volcanic field displays a variety of magmatic compositions:76
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basaltic, andesitic, dacitic, and rhyolitic (e.g., [Hamuro, 1985]). The age of the Funabara sco-77
ria cone was estimated as 0.20±0.08 – 0.22±0.09 Ma by [Hasebe et al., 2001]. The rock type is78
basalt with 50.91–51.23 wt% of SiO2, and the mode of phenocrysts is 3.7% ([Hamuro, 1985]).79
Currently, the Funabara scoria cone is being quarried, revealing a clear stratigraphic profile80
(Fig.2A). At the outcrop, we took five samples from bottom to top.81
In 2φ–3φ scale, Funabara samples are dominant red-oxidized opaque grains (Fig.1). Under82
the incident lighting, they show glassy surface. They contains microlites (plagioclase, olivine,83
and magnetite) in microscopic observation (× 500 magnification). Some of them are coated84
with red-oxidized magna, therefore they are opaque in the transmitted lighting. Funabara85
samples also contain transparent grains: brownish yellow grains and free-crystals. Brownish86
yellow grains show glassy surface, and are more dominant in FN15101206. Free-crystals are87
plagioclase, olivine, and pyroxene.88
2.1.2 Nippana tuff ring89
Nippana tuff ring is a half-collapsed tuff ring in the south of Miyakejima Island, Japan90
(Fig.S1B). On October 3, 1983, explosive interactions of magma and sea water formed a91
tuff ring due to the eruption center reaching a littoral area on the southwestern flank of92
the main edifice of Miyakejima (Oyama) through a fissure vent system (e.g., [Sumita, 1985];93
[Aramaki et al., 1986]). The rock type is augite basalt with 52.3–54.6 wt% of SiO2. and the94
mode of phenocrysts is less than 9% ([Aramaki et al., 1986]). After formation, the edifice95
was half destroyed by subsequent typhoons and erosion ([Sumita, 1985], Fig.2B). We collected96
seven samples at the outcrop from lower to upper layers.97
Nippana samples are rich in transparent grains (Fig.1). Most of them are glass frag-98
ment which often contain microlites (plagioclase and magnetite) in microscopic scale (× 50099
magnification for 2.5φ–3φ grains). The others are free-crystals (plagioclase). NP16102407100
contains black opaque glassy grains. Qualitatively, characteristics of grain shapes are differ-101
ent among samples; inwardly convex shape (NP15113001, NP15113002, and NP15113003),102
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and rectilinear edge (NP15113004, NP15113005, and NP15113006).103
2.1.3 Myvatn rootless cones104
Myvatn is located in the north east of Iceland (Fig.S2). The volcanic activity around this105
area is part of the Krafla Volcanic System. In this volcanic system, most effusive lava is106
basaltic, with 49% wt% of SiO2 ([Nicholson, 1990]). The mode of phenocrysts is less than 10%107
([Ho¨skuldsson et al., 2010]). In 2170±38 cal yr BP ([Hauptfleisch, 2012]), lava (Younger Laxa´108
lava) erupted from fissure swarms 12 km long on the east side of the lake. The lava flowed109
over wetlands and the lake (old Lake Myvatn), and hundreds of rootless cones were formed110
by explosive interactions between the lava and lacustrine sediments ([Thorarinsson, 1979];111
[Einarsson, 1982]). Afterwards, the lava flowed down the Laxa´rdalur river, forming rootless112
cones, before reaching a northern bay. In [Ho¨skuldsson et al., 2010], the duration of this113
eruption is estimated to have been 30 days from an analysis of the lava thickness based114
on an equation in [Hon et al., 1994]. Based on the microcrystalline growth data of olivine,115
[Dolvik, 2007b] gives the timing of the rootless eruption as 1–2 days after the start of this116
eruption. Some rootless cones have smaller cones inside of the summit crater (double rootless117
cones, DRCs, Fig.3; [Noguchi et al., 2016]), though typical ones have simple conical edifice118
(single rootless cones, SRCs). We collected samples from rootless cones in several areas119
of Myvatn (Fig.S2). MY13091004–MY13091006 and MY13091305–MY13091306 were taken120
from same cone, respectively (Fig.3, S4). MY13091402 was sampled in Hagi, 45 km distant121
from the fissure vents.122
Most of grains in Myvatn samples are glassy (Fig.1). In transparent glassy grains, there123
found microlites (plagioclase). Plagioclases are also contained as free-crystals. There exist124
dappled grains. In the transmitted lighting, transparent grains are dominant in MY13091004125
and MY13091305, and opaque grains are rich in MY13091306 and MY13091402, qualitatively.126
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Figure 1: Examples of microscopic pictures of volcanic ash samples in this study. Red and
blue boxes show example opaque and transparent grains, respectively. In the setting of the
incident light + the transmitted light, the transmitted light is used to reduce shadow of
grains. These microscopic pictures were taken by VHX-2000, KEYENCE at AIST.
9
Figure 2: Sampling outcrops of Funabara scoria cone (A) and Nippana tuff ring (B).
10
Figure 3: Sampling outcrops of Myvatn rootless cones for MY13091004 and MY13091006.
This is a profile of double rootless cones which is thought to be formed by two stages of
rootless eruptions ([Noguchi et al., 2016])
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2.2 Grain shape and transparency measurement127
The grain shape parameters of the pyroclasts were measured using an APA: Morphologi128
G3STM(Malvern InstrumentTM) at the Geological Survey of Japan, AIST. The detailed mea-129
surement method is shown in [Leibrandt and Le Pennec, 2015]. This study measured sieved130
volcanic ash grains (2.5φ to 3φ fraction (160µm to 250µm) for Nippana samples (except131
NP16102407), and 2φ–3φ (125–250 µm) for the others) at ×5 magnification. At this mag-132
nification, the measurable grain diameter ranges from 6.5 to 420 µm; therefore, our sample133
sizes are appropriate for these measurement conditions. To place the volcanic ash grains on134
the glass plate, we used a Sample Dispersion Unit (SDU) with 1.5 bar of injection pressure135
and a 20 ms injection time. During the measurement, the illumination was set to diascopic136
(bottom light), under automatic light calibration (calibration intensity of 80.00 and intensity137
tolerance of 0.20). The threshold for background separation (0–255) was set at 80 to obtain a138
sharp focus. The measurement lasted approximately 40 min for each sample. After the mea-139
surement, we excluded overexposed, unseparated, and cut-off grains. To remove unwanted140
material (such as dust), we picked out grains with a solidity (a parameter of grain shape, Sd,141
sensitive to morphological roughness; [Liu et al., 2015]) lower than 0.6. In total, we collected142
parameterized data of 13,120 volcanic ash grains from the 18 samples.143
2.3 Grain parameters144
We used two-dimensional (2-D) projected images of ash grains to describe particle charac-145
teristics. Using Morphologi, we can obtain seven grain shape parameters (circularity, high146
sensitive circularity, convexity, solidity, aspect ratio, and elongation) and two transparency147
values (intensity mean and intensity standard deviation). [Liu et al., 2015] described four148
shape parameters: convexity, solidity, axial ratio, and a form factor (HS circularity in Mor-149
phologi), which they adopted for grain shape analyses of volcanic ash. In this study, we used150
the aspect ratio instead of the axial ratio, as it is not provided by Morphologi.151
As well as grain shape, Morphologi can also measure luminance, which, under bottom152
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lighting conditions, indicates grain transparency. Information regarding the grain trans-153
parency of volcanic ash is important for identifying the glass and crystal components; how-154
ever, most previous research has focused on grain shape alone, with the exception of [Miwa et al., 2015].155
In this analysis, we chose six parameters: aspect ratio (Ar), convexity (Cv), solidity (Sd),156
HS circularity (Hc), intensity mean (Im), and the standard deviation of the intensity (Isd).157
Derivations of these parameters are given by158
Ar =
W
L
Cv =
Pc
Pg
Sd =
Ag
Ag + Ac
Hc =
4× pi × Ag
Pg
2
Im =
i=N∑
i=1
Ii
N
ISD =
√√√√√√√√√
i=N∑
i=1
Ii
2 −

i=N∑
i=1
Ii

2
N
N
where W is length along the minor axis of the grain, L is length along the major axis159
of the grain, Pc is perimeter of the convex hull, Pg is the perimeter of the grain, Ac is area160
of the convex hull, Ag is the area of the grain, Ii is the intensity values (0–255) of pixel161
(i), and N is the total number of pixels in the grains ([Malvern Instruments Ltd, 2013]).162
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These parameters were calculated for each ash grain. Definitions for each morphometrical163
parameter are shown in Fig.4.164
Figure 4: Derivations of grain shape parameters used in this study.
2.4 Data analysis165
A standard cluster analysis technique ([Anderberg, 2014]) was applied to objectively and166
quantitatively classify samples. The cluster analysis is one of the multivariate analysis method167
for unsupervised classification. This statistical method is used in variety of fields such as mar-168
keting research and machine learning. Using the cluster analysis, it is able to categorize data169
quantitatively (based on the cluster distance such as the Euclidean distance) and visually (as170
a dendrogram, a kind of tree diagram). In this study, we adopted the hierarchical clustering171
method known as Ward’s method ([Anderberg, 2014]), because of its wide use and the ease172
of clustering result interpretation. To apply the cluster analysis, we used standard machine173
learning and statistical methods to compare samples, namely, we represented the grains and174
samples by vectors composed of small number of features. Feature vector representation of175
samples is convenient because we can use conventional methods of measuring the difference176
between samples, i.e., the Euclidean distance between feature vectors of different samples.177
The cluster analysis was performed using the hclust function equipped with the statistical178
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computing environment R ([R Core Team, 2016]).179
To obtain the feature vector representation, we performed a two-step clustering analysis180
to 1) categorize whole ash into a small number of grain types, and 2) represent samples by a181
feature vector composed of the ash ratio (Fig.5). In the first cluster analysis, we categorized182
whole ash grains across the entire sample, and then considered each cluster as a statistically183
determined grain type. After calculating the grain number percentages of each grain type for184
all samples, considering the proportions of grain types as the feature vector for the sample,185
we then categorized the samples. We performed two sets of analyses, either including or186
excluding transparency values (i.e., Im and Isd), to evaluate the effect of transparency on187
our results. Because the range of values differ between shape parameters (0–1) and intensity188
values (0–255), ash grain data were standardized (using the scale function, with a mean 0189
and a standard deviation 1) before the analysis. Whole ash grain data include images are190
shown in the Supplemental Information.191
To define grain types, we determined the number of clusters of whole ash grains in the192
samples. There are several methods for determining the number of clusters; for example,193
the R package NbClust provides 30 different indices for determining the number of clusters194
([Charrad et al., 2014]). In the case of the NbClust package, the best number of clusters is195
determined by majority vote of the optimal numbers of clusters which are defined for each196
index based on maximum/minimum differentiation (see [Charrad et al., 2014] for details).197
Some of these indices require a heavy computational burden, particularly considering that198
our data includes 13,120 ash grains. In this case, it is recommended by the package authors199
to use only 18 of the 30 indices, which is more computationally efficient and do not depend on200
visual inspection. Therefore using NbClust package, we determined the appropriate cluster201
number for 13,120 ash grains. We analyzed both cases of including or excluding transparency202
values. See [Charrad et al., 2014] for details of the indices used in this study.203
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Figure 5: Cluster analysis procedure used in this study.
16
3 Results204
We found that there is significant difference in the sample clustering results depending on205
whether transparency values are used or not. In the case of using transparency values, we206
got a consistent result of the sample clustering with their origin.207
3.1 Number of grain types208
According to results of the NbClust analysis, the appropriate number of grain type was209
determined as two (Fig.6) for our dataset. Regardless of whether transparency values are210
used, the majority of indices showed their best number of clusters (Best.nc values in the211
NbClust package) as two. We checked and compared the results with the expectation of212
finding a larger number of grain type, but the results were almost equal. Therefore, the213
following analyses used two as the number of grain type.214
Figure 6: The appropriate number of grain type by the NbClust analyses. A: in the case
of using grain shape parameters only. B: in the case of using grain shape parameters and
transparency values. The radius of the pie chart shows the number of indices. Each color
correlate with the number of clusters.
17
3.2 Cluster analysis 1: grain type determination215
3.2.1 I: grain shape only (without transparency values)216
Grains are divided into two clusters: an irregular-shape type (GT1) and a simple-shape type217
(GT2). Figs. 7A and B show the dendrogram and radar chart of centroids for each grain218
type. In the grain type determination, the aspect ratio is less effective, and others contribute219
to the classification (Fig.9). The larger cluster, GT2, includes 9,324 grains, and the smaller220
cluster, GT1, has 3,796 grains (Fig. 7). GT1 shows low values for all parameters, indicating221
irregular shape characteristics. GT2 generally shows high values, indicating rounded and222
smooth shape characteristics. Typical images of grains in each grain type are shown in223
Fig.10A.224
3.2.2 II: grain shape and transparency225
Grains are classified into two grain types: a simple-shape opaque type (GT3) and an irregular-226
shape transparent type (GT4) (Fig. 8). As is the case in 3.2.1, the aspect ratio does not show227
significant difference between these two grain types. GT3 includes 10,002 grains, and has the228
highest values of the four grain shape parameters, which indicate a relatively rounded and229
smooth appearance. The transparency values of GT3 grains are low, indicating its opacity.230
GT4, which includes 3,118 grains, has the lowest values of the four grain shape parameters,231
suggesting irregular grain shapes. Grains assigned to GT4 are transparent, as suggested by232
their higher transparency values. Typical images of grains in each grain type are shown in233
Fig.10B.234
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Figure 7: Results of cluster analysis 1: grain type determination. A : dendrogram for each
grain type, and D: radar chart for each grain type.
Figure 8: Results of cluster analysis 1: grain type determination. A : dendrogram for each
grain type, and D: radar chart for each grain type.
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Figure 9: Histograms for each scaled parameters in cluster analysis 1. Left: shape parameters
only. Right: shape parameters and transparency values.
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Figure 10: Examples of grains in cluster analysis 1 for each grain type. Orange and blue
boxed grains are determined as GT1 and GT2, respectively.
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3.3 Cluster analysis 2: sample clustering235
Percentage of numbers of grains in each grain type was calculated for every sample (Table236
3).237
Components of GT1 grains reached 50 % only for NP15113001, NP15113002, and NP15113003.238
GT2 grains are dominant (over 80 %) for FN15101206, FN15101208, NP16102707, MY13091004,239
MY13091306, MY13091402, and MY13092002.240
Funabara samples, MY13091006, MY13091306, and MY13091402 has significantly high241
component of GT3 grains (more than 90 %). NP15113001, NP15113002, and NP15113003242
has more than 50 % of components for GT4 grains.243
Based on the proportions of grain types, we performed a cluster analysis for 18 samples244
from three origins.245
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Table 3: Grain type proportions for each sample.
Sample ID GT1 [%] GT2 [%] GT3 [%] GT4 [%]
FN15101201 32.82 67.18 93.13 6.87
FN15101205 26.72 73.28 95.04 4.96
FN15101206 14.56 85.44 97.09 2.91
FN15101207 28.74 71.26 97.7 2.3
FN15101208 11.31 88.69 100 0
NP15113001 50.62 49.38 43.92 56.08
NP15113002 51.06 48.94 49.79 50.21
NP15113003 53.04 46.96 50 50
NP15113004 23.82 76.18 73.33 26.67
NP15113005 34.32 65.68 68.36 31.64
NP15113006 25.88 74.12 71.61 28.39
NP16102407 14.95 85.05 86.67 13.33
MY13091004 19.83 80.17 88.84 11.16
MY13091006 22.16 77.84 93.62 6.38
MY13091305 38.92 61.08 67.06 32.94
MY13091306 16.87 83.13 92.39 7.61
MY13091402 18.66 81.34 95.33 4.67
MY13092002 16.89 83.11 89.74 10.26
3.3.1 I: Proportions of GT1 and GT2 grains (based on 3.2.1)246
Using parameterized grain shape only results in poor correlation of sample classification247
with its origins (Fig. 11A). For example, FN15101201, NP15113005, and MY13091305 are248
classified similarly, yet they have different origins. An exception is samples NP15113001,249
NP15113002, and NP15113003, which have the same origin (collected in Nippana) and250
are well-categorized due to their higher components of GT1 grains (more than 50 %).251
MY13091004, MY13091006, and MY13091402 are relatively well-categorized, though with252
NP15113004 from the other origin.253
3.3.2 II: Proportions of GT3 and GT4 grains (based on 3.2.2)254
Samples from Funabara scoria cone and Nippana tuff ring are clearly distinguished when con-255
sidering both grain shape and transparency (Fig. 11B). The dominant component of the Fun-256
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abara samples is GT3 grains (more than 90 %, Fig. 11D, Table 3). Especially, FN15101206,257
FN15101207, and FN15101208, upper layers of Funabara samples, are categorized simi-258
larly due to their significantly high GT3 grain components. For samples from Nippana,259
the stratigraphically lower samples (NP15113001, NP15113002, and NP15113003) are split260
equally between GT3 and GT4, whereas the stratigraphically upper samples (NP15113004,261
NP15113005, NP15113006, and NP16102407) are richer in GT3 grains (over 68 %). In the262
dendrogram, NP16102407 was distinguished from other Nippana samples because its com-263
ponent of GT4 grains is low (13.3 %). Myvatn samples are dominant in GT3 grains (over264
65 %), however they were not categorized together. Notably MY13091305 was categorized265
within Nippana sample dominant cluster due to its higher component of GT4 grains (32.9266
%). Although they were collected from same rootless cone respectively, MY13091004 and267
MY13092002 are distinguished with MY13091006 and MY13091306.268
24
Figure 11: Results of cluster analysis 2: sample clustering. A and C: grain types are deter-
mined based on shape parameters only and B and D: grain types are determined based on
shape parameters and transparency values. Red, blue, and green boxes indicate magmatic,
phreatomagmatic, and rootless samples, respectively. C and D: number lines for grain type
percentages.
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4 Discussion269
4.1 Verification of introducing grain types by the cluster analysis270
The components of the grain type in each sample are consistent with microscopic observations271
by human eyes. As noted in 2.1.2, we found two characteristics of grain shape: inwardly272
convex shape and rectilinear edge. This difference appeared in our grain types; inwardly273
convex shape grains corresponds GT1 and GT4, and rectilinear edge grains correspond GT2274
and GT3, respectively. This difference effects to the sample clustering (Fig.11). In human275
eyes, transparent grains are dominant in MY13091004 and MY13091305, and opaque grains276
are dominant in MY13091006 and MY13091402. Our grain types which consider both of277
grain shape and transparency are consistent with this qualitative observation; MY13091004278
and MY13091305 has higher contents of GT4 grains, and MY13091006 and MY13091402279
has significantly higher contents of GT3 grains (Table 3). However, FN15101206, has higher280
component of brownish yellow grains in microscopic observations, did not show unique grain281
type component in our analysis. Possibly, these brownish yellow grains might be appeared282
as opaque on Morphologi images.283
We have clarified that grain transparency plays an important role in the classification284
of grain and sample types. Previous studies have considered only grain shape, ignoring285
the transparency of grains, with the exception of [Miwa et al., 2015]. The identification of286
transparent grains is important for detecting juvenile glass fragments; however, in this study,287
as the recommended number of grain types was two, all transparent grains were analyzed288
together, i.e., it was impossible to distinguish between glass fragments and transparent free-289
crystals, and between sideromelane and tachylite. Glass fragments considered to formed by290
two quenching processes: air-cooling and magma (lava) external water interaction. Therefore291
amount of glass fragments is expected to be larger in phreatomagmatic and rootless eruptions292
(both of air-cooling and magma (lava) external water interaction) than those of magmatic293
eruptions (air-cooling only).294
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Generation of free-crystals is thought to dependent on the degree of fragmentation;295
stronger explosion generates larger numbers of free-crystals. Assuming same mode, assem-296
blage, and size of phenocryst in host magma (lava), phreatomagmatic eruptions might be297
generating larger numbers of free-crystals than the others. Thus, GT4 in the cluster analy-298
sis with transparency would be mixture of glass fragments and transparent free-crystals by299
mechanisms shown above. Hence this explains difference of the GT3/GT4 among eruption300
types.301
In the next stage we should explore an efficient criteria to distinguish glass from phe-302
nocryst. For example, quenching of magma (lava) by external water would likely gener-303
ate a larger amount of sideromelane fragments (e.g., [Taddeucci et al., 2004]). Therefore,304
identification of sideromelane fragments would be an effective way to discriminate between305
phreatomagmatic and magmatic samples. Performing the clustering procedure with a larger306
number of grain types might enable us to distinguish whether glass fragments are siderome-307
lane or tachylite. In our ash grain images, it is possible to identify microlites inside of some308
transparent grains (Fig.12). Microlites in glass grains are thought to decrease transparency309
of ash grains. Furthermore, oxidization and existence of microbubbles are also expected310
to increase opacity of ash grains (e.g., [Yamanoi et al., 2008]; [Mujin and Nakamura, 2014];311
[Toramaru, 1990]). Hence these controls on the transparency of ash grains should be exam-312
ined under SEM (Scanning Electron Microscope) observations as a next step.313
4.2 Applicability to identification of explosion/fragmentation pro-314
cess315
By incorporating transparency values into the grain type determination, Funabara (formed316
by magmatic eruption) and Nippana (formed by phreatomagmatic eruption) samples were317
clearly distinguished (Fig. 11A). The decisive factor is the amount of GT4 grains; it is less318
than 7 % for Funabara samples and up to 56 % for Nippana samples. GT4 grains show sig-319
nificant transparency and irregular shape features (Fig. 8), which might represent quenched320
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Figure 12: An example transparent grain which contains microlites (elongated obstacles,
possible plagioclase, white arrows).
28
glass such as sideromelane. Therefore, in this clustering scheme, GT4 percentages could be321
used to infer the magnitude of the effect of external water on volcanic explosions (Fig. 11D).322
A smaller scale cluster structure indicates a possible variation in eruption/fragmentation323
styles and mechanisms during a volcanic eruption. For example, Funabara samples were sep-324
arated consistent with its stratigraphy (lower layers: FN15101201 and FN15101205, upper325
layers: FN15101206, FN15101207, and FN15101208) (Fig. 11B). Lower–middle layers of Nip-326
pana samples were also separated consistent with its stratigraphy (lower layers: NP15113001,327
NP15113002 and NP15113003, middle layers: NP15113004, NP15113005, and NP15113006).328
NP16102407 is collected from an upper layer, and distinguished from lower samples. How-329
ever, samples from magmatic and rootless eruptions were not completely separated from one330
another, and one rootless sample (MY13091305) was categorized with the phreatomagmatic331
samples. This means the boundary between rootless eruption and phreatomagmatic eruption332
is obscure. The highly variable clustering of rootless samples indicates strong variations in333
the explosion style (e.g., [Fagents and Thordarson, 2007]; [White and Valentine, 2016]).334
Our sample classification may be able to extract and distinguish explosion (fragmentation)335
processes. It can be possible to simplified explosion (fragmentation) process into two; the336
vaporization of volatiles originally contained in magma, and the magma (lava)-water inter-337
action analogized as the molten fuel-coolant interaction (MFCI) (e.g., [Dellino et al., 2001]).338
For example, cluster of NP15113001, NP15113002 and NP15113003 may be represent explo-339
sive phase of phreatomagmatic explosions which are driven by both of volatile vaporizations340
and MFCIs. In contrast, cluster of NP15113004, NP15113005, and NP15113006 may show341
subsequent weaken phase of phreatomagmatic explosions which are driven by MFCIs domi-342
nantly (volatiles have been degassed, possibly). This explosion process probably significant in343
generations of NP16102707, MY13091004, and MY13092002. FN15101206, FN15101207, and344
FN15101208 might be formed by mostly pure volatile vaporization-driven explosions. Though345
we could not distinguish the other samples which not shown above, these samples might were346
formed by subequal degree of fragmentation in fine balances of volatile vaporizations and347
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MFCIs (and perhaps other processes), which may be able to distinguish in further analy-348
ses. Thus, our classification method will be contribute to extract explosion/fragmentation349
processes from volcanic ash grain data.350
4.3 Development of this procedure in volcanology and other fields351
In this study, we show that using grain transparency as well as grain shape significantly352
improves the result of the cluster analysis for volcanic ash grains. Our two-step cluster353
analysis enabled the comparison of many volcanological samples consisting of thousands of354
ash grains. The merit of our procedure is that it can be used for volcanic ash analysis355
of different outcrops, volcanoes, and eruption styles. However, to apply this procedure to356
volcanic ash from non-basaltic and non-monogenetic volcanoes, the effects of different magma357
compositions and alteration degrees should first be verified.358
The estimation of an appropriate cluster number depends on each clustering method.359
In this study, we adopted the Ward method because of its popularity. It is our important360
future work to use other clustering algorithms developed in machine learning community361
([Gokcay and Principe, 2002]; [Hino and Murata, 2014]) to obtain detailed characteristics of362
grain types.363
Furthermore, machine learning techniques would be required to apply the results of our364
analyses to other ash samples. Involving our classified volcanic ash images as training data365
in the supervised learning, machine can identify grains and samples. For this application,366
further grain parameters (e.g., RGB (red, green, and blue) color under the incident lighting367
which have information about oxidization and alteration) and further types of samples (e.g.,368
collected from non-monogenetic, non-basaltic volcanoes).369
Although our analyses show the importance of transparency in the clustering of volcanic370
ash grains, it is not clear whether the average (Im) and standard deviation (Isd) of gray scale371
values of one grain are sufficient for accurate identification. For instance, [Liu et al., 2015]372
showed that the choice of parameters plays a significant role in statistical analysis. Despite373
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parameter limitations, the machine learning technique is expected to be useful for direct374
volcanic ash image interpretation ([Shoji and Noguchi, 2017]).375
The development of our procedure will be useful outside volcanology, such as sedimen-376
trolgy and planetary science (e.g., sample return mission such as for Mars and asteroids).377
5 Conclusions378
We constructed a statistical procedure for comparing volcanic ash samples from several out-379
crops and volcanoes. Using the cluster analysis, we set ”grain types”, then categorized380
samples by its components of each grain type. Testing our data set, we found that grain381
types should be two, and the transparency values of grains is effective to categorize sam-382
ples consistent with their origins. This procedure detailed in this study could be used to383
interpret changes in eruption/fragmentation style during a volcanic event. Through further384
analyses and using other machine learning techniques, our procedure can contributes outside385
volcanology and Earth.386
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Appendix: in the case of three grain types400
Figure 13: Results of cluster analysis 1: grain type determination. A : dendrogram for each
grain type, and D: radar chart for each grain type.
32
Figure 14: Results of cluster analysis 1: grain type determination. A : dendrogram for each
grain type, and D: radar chart for each grain type.
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Figure S1: Sampling locations for Funabara scoria cone and Nippana tuff ring. This map
is based on ”Chiriin Tile” (http://maps.gsi.go.jp) of Geospatial Information Authority of
Japan and Hydrographic and Oceanographic Department, Japan Coast Guard.
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Figure S2: Sampling locations for rootless cones in Myvatn, Iceland. Red region shows
extent of the Younger Laxa´ lava. Yellow lines show fissure vents. Black tiny lines show 10
m interval topographic contour lines based on the elevation model of Landmælingar I´slands
(LMI). Background image is the Landsat image mosaic in natural colors (B,G,R), 30 m
resolution. This map is based on data from National Land Survey of Iceland (NLSI).
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Figure S3: The grain size distribution of each sample.
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Figure S4: Sampling outcrops of Myvatn rootless cones.
Figure S5: Sampling outcrops of Myvatn rootless cones.
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